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Estimations of seismic risk in urban areas should include quantifications of the expected damage to civil 
structures subjected to earthquakes. In buildings, this quantification depends on the maximum inter-story 
drift (MIDR), among other aspects. In this study, the correlation between several intensity measures 
(IMs) and the maximum inter-story drift of steel structures was investigated. Three steel frame buildings 
of 3, 7 and 13 stories were used as a testbed. These buildings were modelled as 2D framed structures. 
For the seismic hazard, forty strong ground motion pairs were selected (80 individual horizontal 
components) from the Italian database. These records were scaled to a specific peak ground acceleration 
(PGA) and matched to a design spectrum from Eurocode 8. Nonlinear dynamic analysis was used to 
estimate the seismic response of the structures. Thus, 720 nonlinear dynamic analyses (NLDA) were 
performed [3 structures × (80 as recorded accelerograms + 80 scaled records + 80 matched records)]. 
Preliminary results indicate that PGA and MIDR show the worst correlation. A higher correlation was 
observed for peak ground velocity, root-mean-square velocity and specific energy density intensity-based 
measures. Finally, a new IM, which is highly correlated with MIDR, is proposed. This IM is called ID-
PGV and considers both the PGV and the significant duration.  
 
1. Introduction 
Over the last decade, a number of high-magnitude earthquakes have caused hundreds of thousands of 
fatalities, made millions of people homeless and caused considerable economic losses. Earthquakes such 
as those in Maule (Chile, 2010), Christchurch (New Zealand, 2011), Tohoku (Japan, 2011), Emilia (Italy, 
2012), Umbria (Italy, 2016), Ecuador (Ecuador, 2016) and Mexico City (Mexico, 2017) generated 
economic losses in the order of $400 billion [1]. Moreover, depending on the vulnerability of the stricken 
area, a single earthquake can cause hundreds of thousands of fatalities. This was the case in the 2010, 
Mw=7.0, Haiti earthquake [2]. The examples confirm the need for further research on the negative 
consequences of these geohazards. Advanced tools to improve the estimation of seismic risk could 
contribute significantly to mitigating the negative consequences of earthquakes.  
In this context, identification of the potential destructiveness of an earthquake is a topic that has 
captured the attention of seismologists and engineers for almost a century. Accurate characterization of 
the seismic potential of a region is fundamental for estimating and reducing its seismic risk. Currently, 
acceleration response spectra functions [3–5] are the preferred method in the design of new structures 
and assessments of the performance of existing ones. For design purposes, the design response spectrum 
(DRS) is used, which is related to the location of the structure. The DRS is generally provided by the 
seismic codes and guidelines of the construction area. For assessment purposes, the uniform hazard 
spectrum (UHS) is normally used to quantify the seismic hazard of the area. Over the years, a set of 
damage-related intensity measures (IMs) have also been developed. To a greater or lesser extent, these 
IMs are related to the expected seismic damage of a structure. Identifying the IM that is most strongly 
correlated to the expected damage of a structure is of interest, since it can contribute to improving the 
estimation of seismic risk.  
The degree of correlation between several IMs and the expected damage of a structure were studied. 
To achieve this, three steel frame buildings with varying numbers of stories were analyzed through 
nonlinear dynamic analyses (NLDA). Eighty horizontal accelerograms (40 records, two horizontal 
components) from the Italian Accelerometric Archive (ITACA) [6] were used to characterize the seismic 
actions. These ground motion records were carefully selected in terms of the duration of the strong phase 
to identify whether this variable influences the building performance. However, the NLDA was 
performed using the original, scaled and spectrum-matched records as will be explained later. Thus, 720 
NLDA were carried out and the MIDR and the damage index of Park and Ang, PA, [7] were calculated. 
Then, the correlations between the IMs and the MIDR were estimated and compared. Finally, a new IM, 
which is highly correlated with the MIDR, was proposed. This new IM is a combination of two well-
known seismic parameters: the peak ground velocity (PGV) and the significant duration. The use of more 
than one seismic parameter to define the damage potential of earthquakes to structures is a significant 
novelty, allowing alternative methods such as Artificial Neural Networks to be undertaken [8,9]. The 
performance of this IM was also validated through probabilistic NLDA. One of its main advantages is 
its independence from the properties of the analyzed structure and its high correlation with the MIDR.  
 
2. Intensity measures 
The efficiency of some IMs as indicators of potential structural damage were evaluated in this study. For 
this purpose, several IMs were estimated (see Table 1). They were selected because they are the most 
commonly used in the development of seismic hazard studies through ground motion prediction 
equations [10], and in the estimation of expected damage [11,12]. In the following section, the IMs that 
were considered are described briefly. 
 
2.1 Intensity measures based on ground motion time histories 
In 1934, Benioff [13] defined an earthquake’s destructiveness measure in terms of the energy obtained 
through the relative displacement response spectrum. After this paper, several measures were devised 
based on the energy content of the signal. For instance, Arias intensity [14] is a measure of the severity 
of the ground motion and is defined by the following equation:  
2	
	  (1) 
where g is the acceleration due to gravity, ti is the beginning of the record, tf is the total duration of the 
record and a(t) represents the acceleration time history of the earthquake.  
Many authors used this measure to define the significant duration (Δ) of a ground motion [15–
18]. Significant duration is based on the energy accumulation and is defined as the interval over which 
some proportion of the total energy is accumulated [19]. This interval is considered the “strong phase” 
of a ground motion. In this study, the thresholds of 5% and 95% of Arias intensity mark the beginning 
(t5%) and end (t95%) of the phase, as proposed by Trifunac and Brady [18] (see Fig. 1). 
Housner [17] and Dobry et al. [20] suggested that ground motion can be characterized by the quadratic 





	  (2) 
where Δ is the duration of the strong phase (5–95% of Arias intensity), also known as the significant 
duration, t5% is the initial time of the strong phase and t95% is the final time of the strong phase of an 
acceleration time history, a(t). Moreover, the root mean square of the velocity time histories, v(t), has 





	  (3) 
Another interesting measure is the Specific Energy Density (SED) [21,22], which is defined as 
the integral of the square velocity time history v(t) in the interval ti-tf (see Equation 4). 
	  (4) 
Park et al. [23] developed a relationship between the destructiveness potential of an earthquake 
ground motion (Characteristic intensity, IC) and the structural damage of reinforced concrete buildings, 
using the damage index proposed by Park and Ang [7]. The IC was defined by means of the following 
equation: 
. 	  (5) 
The Cumulative Absolute Velocity (CAV) intensity measure was proposed by Reed and 
Kassawara [24] and has also been used to state the destructive potential of earthquakes.  
| |	  (6) 
 
2.2 Intensity measures based on peak responses 
Another group of IMs based on the peak response of a single-degree-of-freedom (SDOF) system has 
been considered in assessments of the seismic behaviour of structures. These IMs have been used to build 
up the design response spectrum in many seismic regulations. Thus, the Peak Ground Acceleration 
(PGA), the Peak Ground Velocity (PGV) and the elastic spectral acceleration at the fundamental period 
of the structure, SaT1, were included in the correlation analysis. These IMs are listed in Table 1. 
Note that the IMs described in Table 1 have been correlated with expected seismic structural damage 
[11,25–27]. In these studies, the aim was to obtain an IM that properly represents the destructive potential 
of an earthquake. Such a measure would help in the development of more accurate seismic hazard studies 
and, therefore, more precise seismic design methods. Thus, the described IMs will be correlated with the 
MIDR. Note that this engineering demand parameter (EDP) has been widely correlated with damage 
states in seismic risk assessment methods, such as Hazus [28]. 
 
 
3. Structural models  
Three steel buildings of 3, 7 and 13 stories were analysed in this study (Fig. 2). The buildings have special 
moment frames as a seismic-force-resisting system with “wide flange” sections for beams and columns, 
according to ASTM A992 [29] (Fig. 2). These elements are joined through prequalified connections [30] 
of fully restrained type. The buildings were designed for office use based on the provisions in AISC-341-
10 [31]. Buckling in columns was controlled in the design. The special moment frames satisfy the AISC 
criterion strong-column-weak-beam and the structural sections of the columns meet the slenderness 
criterion presented in AISC-341-10 [31]. The weight of the structure, the architectonic finishes and 
facilities were considered as dead loads. The live loads were selected according to ASCE 7-10 [32] 
provisions for office use.  
These buildings were modelled as frame type members with plastic hinges at their ends using 
Ruaumoko 2D software [33]. The plastic hinges follow a Bilinear Hysteresis rule with hardening and 
strength degradation based on the ductility factor [33]. The strength and ductility values for the hysteresis 
rule were calculated according to the modified Ibarra-Medina-Krawinkler (IMK) model [34–36]. The 
backbone curve of the modified IMK model is defined by three strength parameters (My = effective yield 
moment, Mc = capping moment strength or post-yield strength ratio Mc/My = 1.1 and Mr = k ·My, k = 0.4, 
residual moment). These strength parameters are obtained from the steel section’s properties: the plastic 
modulus (depends on the W type sections used), yield strength (345 MPa), and elastic modulus (200,000 
MPa). The ductility of the structural sections in the modified IMK model are defined by the four 
deformation parameters: y = yield rotation, p = pre-capping plastic rotation for monotonic loading –
difference between yield rotation and rotation at the maximum moment, pc = post-capping plastic 
rotation difference between rotation at the maximum moment and rotation at complete loss of strength 
and u = ultimate rotation capacity. Two per cent Rayleigh damping was used for the first and last 
vibration modes as recommended for steel structures. Input motions were applied directly at the base of 
the buildings. The base of the resisting frames is fixed with all degrees of freedom restrained. P-Δ effect 
was considered in the analysis. Ruaumoko allows modelling structures where the displacements are 
sufficient to require a large displacement analyses or where the axial forces in members affect their 
stiffness. In large displacement analyses the coordinates, as well as the axial forces in the beam or wall 
members and the changes in geometry in the members, are updated at every time-step. This procedure is 
computationally expensive, but is important if the structure is undertaking large displacements. As the 
response of the buildings analyzed herein can achieve MIDR significantly greater than 1%, this approach 
has been considered within the simulations to consider the P-Δ effect. The predominant periods of the 
buildings are 0.6 (3-story), 1.2 (7-story) and 1.9 (13-story) seconds. Further details about the modelling 
considerations can be found in Diaz et al. [37]. 
 
4. Ground motion records 
To perform the NLDAs, a set of ground motion records were selected as a function of the duration of 
their strong phase. The ITACA database was used for this purpose. The horizontal components of the 
records were used in the analysis. Records were considered with a duration of around 4, 5, 7 and 30 
seconds (see Table 2). This selection criterion was aimed at evaluating the influence of the duration of 
the earthquake record on the damage of buildings. The record set included 40 component pairs of 
horizontal ground motions (80 individual components, see Table 2). Note that the duration values used 
for selecting the earthquake records were taken directly from the database catalogue. In the database, the 
effective duration [19] is used as reference. Then, we estimated the significant duration for each 
component (see Table 1). As mentioned above, the analyses were performed using original, scaled and 
spectrally matched ground motions. The significant duration was recalculated for the spectrally matched 
records. In order to obtain the scaled records, the selected ones were normalized by the peak ground 
acceleration (PGA) and multiplied by 700 cm/s2. The 700 cm/s2 value is used as a reference, since 
buildings begin to be damaged around this PGA. The spectrally matched records were adjusted to an 
elastic design spectrum defined in Eurocode 8 [38]. Namely, the design spectrum for rock, a base 
acceleration of 700 cm/s2, a seismically active region type I (earthquake magnitudes over 5.5) and a 5% 
damping value was used as a target. The spectral matching method used in this paper was developed by 
Pujades (personal communication, 2015) and has been used in previous studies [39,40]. A comparison 
showing the effectiveness of the matching procedure can be seen in Fig. 3. 
 
5. Correlation between the IMs and the MIDR 
The IMs were estimated massively with a program developed in MATLAB [41] and they were checked 
with the commercial software SeismoSignal [42], with excellent agreement. The correlation values 
between the IMs listed in Table 1 and the MIDR obtained after performing the 720 NLDAs [3 structures 
× (80 as-recorded accelerograms + 80 scaled records + 80 matched records)] are presented in Fig. 4. The 
square of the correlation coefficient (R2), which is also called the coefficient of determination, was used 
as an indicator. The results as a function of the PGA are shown in Fig. 4a. In this figure, the results 
corresponding to the scaled records can be clearly identified at a PGA value of 700 cm/s2. It is interesting 
that earthquakes with similar PGA values may produce very different MIDR. SAT1, accRMS, IA, IC and 
CAV present an R2 value of around 0.80. For the IM SAT1, note that a better correlation would have been 
obtained if the regression analyses were carried out independently for each building. Although 0.80 is a 
good enough correlation, there are other IMs with higher correlation values. Actually, the IMs with better 
correlation values are the PGV, velRMS and SED. Among these highly correlated IMs, the PGV is the 
easiest to obtain. Thus, the PGV seems to be a good measure to predict expected damage since it is 
directly obtained from the ground motion and is independent of the period of the buildings.  
In Table 3, a summary of the R2 values obtained after performing correlations with different groups 
of ground motion records is shown. Values obtained with the original records reflect similar results to 
the correlation obtained with all the records. As expected, when the records are scaled to the same PGA, 
the correlation with this IM is lost. The values obtained with the matched ground motions has shown that 
the correlation is null between IMs and the MIDR, since IMs are conditioned to a target spectrum. Finally, 
the values obtained with the group of original plus scaled records reveal that the correlation is maintained 
when the matched records are added (although these have no correlation with the MIDR). This is because 
the matched records generate similar MIDR values and therefore similar values on IMs, which avoids a 
decrease in the correlation with all the records. Table 4 shows the type of equation used and the 
coefficient that fulfils the minimization condition from the 720 NLDA. In the next section, a new IM 
which is highly correlated with the MIDR and is based on the PGV and the significant duration is 
presented. 
 
6. New IM 
In this section a new IM is proposed based on the results after performing the correlations with the MIDR. 
This IM is based on the PGV but also includes the significant duration (Δ, between 5–95% of the Arias 
intensity) as a variable (see Equation 7) and is called ID-PGV. This IM is independent of the period of the 
oscillator. This new IM was proposed because there is certain level of correlation between the MIDR and 
the significant duration of the scaled records (see Fig. 5). Thus, based on this correlation and considering 
the high correlation between the PGV and the MIDR, this new IM is defined according to the following 
equation: 
	Δ 	 (7) 
where α and β are coefficients obtained by minimizing the mean square error between the MIDR and the 
values provided by this equation. PGV is in m/s and Δ in s. After the minimization procedure, α = 1.5 
and β = 0.5. Notably, in this IM the significant duration is a relevant variable.  
The results obtained after correlating the ID-PGV with the MIDR are shown in Fig 6. From these 
results it can be concluded that the proposed IM is highly correlated with the MIDR. Actually, the highest 
coefficients of determination were obtained after the regression analysis, compared with all the IMs 
studied (see Tables 3 and 5). In Fig. 6b, damaged buildings are highlighted in red whilst those that do 
not suffer damage are in black. This identification is based on the damage index (DI) of Park and Ang. 
Therefore, if DI > 0.1 then the point will be red otherwise it will be black. Most of the buildings suffered 
damage (DI > 0.1) when the inter-story drift reached the threshold of 0.015. Regarding ID-PGV values, 
damage appears at a value close to 1 whilst the maximum value is around 6. 
Finally, Fig. 7 shows the distribution of the R2 values according to the IM for each building type. The 
R2 values for the proposed IM are very similar regardless of the building analyzed and the types of 
simulations performed. The same is true of SED, PGV and velRMS. SAT1 has very good correlation values 
if each independent building is analyzed. This makes sense due to the period dependence of this IM. 
 
7. Correlation between IMs 
The correlation between the IMs was determined. For this purpose, a linear correlation using all the 
available records was performed. The results are shown in Table 6 in a correlation matrix. Strong 
correlations were found for the pairs CAV-IA (0.978), CAV-IC (0.89), IA-IC (0.934), IA-SED (0.856), IC-
accRMS (0.854), ID-PGV-PGV (0.909), ID-PGV-SED (0.878) and accRMS-velRMS (0.856). The high correlation 
between the ID-PGV and SED is interesting, since these two IMs have the highest correlations with the 
MIDR and both are independent from the period of the buildings. 
In addition, a correlation analysis was performed for the groups of records (original, scaled and 
matched). The results are shown in Fig. 8. Here, the square of the linear correlation (R2) was used to 
avoid negative (-) values of correlations. The results obtained with the original records were greater than 
the overall results. The scaled records correlations decreased and a null correlation with the PGA was 
found, as expected. In the case of the matched records, most correlations decreased significantly, except 
for CAV-IA, CAV-SED, IA-IC, IA-SED and accRMS-velRMS, for which high correlations were obtained. In 
Table 7, strong correlations with values > 0.80 are indicated. 
 
8. Validation through probabilistic NLDA 
In the first approach, only uncertainties related to seismic action were considered. However, modelling 
the random variation in building-to-building structural characteristics within a structural typology is 
standard practice. In this section, we introduce these sources of uncertainties to validate more fully the 
new intensity measure (ID-PGV). Vargas et al. [43] developed an algorithm that can be used to generate 
probabilistic multi-degree-of-freedom systems. Although they developed the algorithm for reinforced 
concrete models, it can easily be adapted to generate structural steel models that are compatible with 
those analyzed above. The algorithm is a product of the KaIROS project [44], which is focused on 
maintaining and increasing the resilience and sustainability of communities against earthquakes. Using 
this algorithm, we generated 500 structural steel models whose number of stories, Nst, number of spans, 
Nsp, story height, Hst, and span length, Sl, were considered as input random variables. Nst followed a 
uniform, discrete distribution in the interval (3, 13); Nv also followed a uniform, discrete distribution in 
the interval (3, 6). Hst was distributed uniformly in the interval (3.3, 3.7) m. Sl was distributed uniformly 
in the interval (5, 7) m. In order to assign the cross-sectional properties of the structural elements of the 
first floor, the values presented in Table 8 were adopted. For the upper stories, the size of the columns 
and beams decreases systematically each 3 stories, to values associated with a building with a lower 
number of stories. Table 9 presents the main properties of a group of variables that were also considered 
as random within the analysis. Fig. 9 shows twenty structural models generated by considering the 
geometrical properties mentioned above. 
One of the main sources of uncertainty in estimations of the seismic risk of structures is the 
random variability of the ground motion. There are several methodologies to properly select ground 
motion records that are consistent with the site-dependent spectral shape. However, the main objective 
of this paper was not to assess the seismic risk of an area, but to develop a simplified procedure for 
estimating EDPs, like those obtained with NLDAs. With this objective in mind, the most important 
requirement was to have earthquakes that demand the structural models at different intensity levels. To 
achieve this, based on the fundamental period range of the generated models, groups of earthquakes were 
selected whose mean spectral acceleration, in the interval (0.9–1.3) s, was between a band limited by two 
intensity levels. The intensity levels defining the upper and lower limits of each band range from 0 to 1.5 
g at intervals of 0.15 g. The objective was to obtain 500 records (as many as generated structural models) 
whereby 50 earthquake records per interval should be found. The database of Ambraseys et al. [45] was 
used for the earthquake selection. Fig. 10 shows the response spectra of the 500 earthquake records 
selected according to the described procedure. 
Due to the high number of earthquakes requested to fulfil the interval condition, several will be scaled 
versions of those that naturally meet this condition. Thus, if an interval does not contain 50 earthquake 
records because there are not enough records in the database, the number of missing records will be 
selected from the previous interval. This criterion avoids excessive scaling of the earthquake records. 
After performing the 500 NLDA, the MIDR was correlated with the studied IMs. In Fig. 11 the proposed 
IM (ID-PGV) is plotted against the MIDR. As this figure shows, ID-PGV maintained a high correlation with 
the MIDR despite variations in the geometry and mechanical properties of buildings. Table 10 shows a 
comparison of the new coefficients of determination, from the probabilistic analysis obtained through 
the first analysis. The new values were consistent with those obtained in the first analysis. Note that the 
PGA correlation increased considerably in the probabilistic calculation. This is because the bias 
introduced when scaling the earthquakes to a fixed PGA in the first approach has been eliminated. 
However, in both cases, the PGA exhibited one of the lowest R2 values. The intensity measures that 
generated the highest correlation were still the PGV, velRMS, SED and ID-PGV. Notably, the proposed IM 
maintained the highest correlation with respect to other intensity measures, in spite of the sources of 
uncertainties considered. This demonstrates the effectiveness of this intensity measure as an estimator of 
the potential damage of an earthquake. 
 
9. Conclusions 
In this study, the destructiveness potential of a group of well-known IMs was analysed. To achieve this, 
three structural models and a record set including 40 component pairs of horizontal ground motions (80 
individual components) were performed. NLDA were performed using the structural models and by 
scaling and matching the accelerograms of the record set based on different criteria. After performing 
the NLDA, the MIDRs were calculated for each analysis. The MIDR has been widely used as a good 
indicator to estimate structural damage due to earthquakes [46,47]. This condition is very important 
because some of the IMs analysed in this article are good predictors of the MIDR. Therefore, the 
usefulness of the new IM proposed here becomes clear. As the MIDR is highly correlated with the 
damage, measures that have a high correlation with the MIDR will also be highly correlated with the 
damage. Thus, the levels of correlation between the MIDR and the IMs were calculated. Based on these 
results and considering the correlation between the PGV and the significant duration, a new intensity 
measure that is highly correlated with the MIDR, called ID-PGV, is proposed. ID-PGV works well for the 
three buildings studied.  
The preliminary results indicate that the inter-story height is an important variable to consider in 
the analysis. In the first part of this study, the inter-story heights were the same for all studied buildings. 
For this reason, the building-to-building structural characteristic variations were considered through 
probabilistic NLDA and therefore the use of the proposed IM, ID-PGV, was validated. A total of 500 NLDA 
were performed, varying the geometry and mechanical properties of the building models. The results 
validate those obtained using the first approach and therefore confirm the effectiveness of the proposed 
IM.  
Only two-dimension symmetrical buildings were analysed in this study. Further analyses should 
be performed with other structural typologies, three-dimensional and non-symmetrical building models, 
to validate the general performance. The coefficients α and β, presented in Equation 7, should be 
recalibrated when other building typologies are analysed. If this measure could be validated for different 
structural typologies, it would be effective to perform seismic hazard and risk analyses. In addition, the 
earthquake-resistant design approach used in this study protects the structures against failures due to 
second order effects. Thus, future research studies should be carried out to analyze the evolution of α and 
β coefficients by considering different types of design conditions. 
Finally, one of the main advantages of ID-PGV is that it is independent of the building period. In 
future research, the potential of the proposed IM should be compared with other IMs that consider the 
structural behaviour through the period elongation of buildings [48–52].  
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Fig. 1. Definition of the significant duration of a single accelerograms using the Husid plot [15] [accumulative 
energy (%) in terms of Arias intensity vs. time (s)]. 
 
 
Fig. 2. Steel moment frame model dimensions for (a) 3-story, (b) 7-story and (c) 13-story buildings. 
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Fig. 3. Five per cent damped response spectra, corresponding to the 80 selected accelerograms, matched to the 
design spectrum of Eurocode 8 for earthquakes with M > 5.5 (type I) located in rock (site A). (For an interpretation 
of the references to colour in this figure, the reader is referred to the web version of this article). 
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Fig. 4. Correlation between the maximum drift and several intensity measures: (a) PGA, (b) PGV, (c) SAT1, (d) accRMS, (e) 
velRMS, (f) Arias intensity, (g) Characteristic intensity, (h) Specific Energy Density and (i) Cumulative Absolute Velocity. 
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Fig. 5. Influence of duration on the maximum drift for scaled accelerograms and ranges of PGV: (a) 25<PGV<40 cm/s 
and (b) 40<PGV<60 cm/s. 
 
 
Fig. 6. (a) Comparison between the maximum drift and the proposed intensity measure ID-PGV. (b) In red, damaged 
buildings (with DI > 0.1) and in black, buildings that did not suffer damage. (For an interpretation of the references to 





Fig. 7. Coefficient of determination (R2) for the comparison of different IMs with the MIDR drift corresponding to the 





Fig. 8. Matrices of R2 from the correlation between the IMs used in this study for the (a) original records, (b) scaled records 





































Fig. 9.  Twenty 2-D steel-frame building models. 
 
 
Fig. 10.  Response spectra of the selected ground motion records for the probabilistic analysis. 
 
 




Table 1. List of intensity measures used in this study (see also explanation in the text).  
Intensity measure Acronym Formulation Units 
Arias intensity IA 2	
	  cm/s 





	  g 





	  cm/s 
Specific energy density SED 	  cm2/s 
Characteristic intensity IC . 	  - 
Cumulative absolute velocity CAV | |	  cm/s 
Peak ground acceleration PGA max	| | cm/s2 
Peak ground velocity PGV max	| | cm/s 
Spectral acceleration for the fundamental period SAT1 max	| , | cm/s2 
























Table 2. Ground motions selection from the ITACA database.  





PGA (cm/s2)(6) Eff. dur. 
(s)(7) 
Sig. dur., Δ (s) (8) 
E-W N-S E-W N-S 
EMSC-20161027_0000072 25/08/16 3:17 AM NRCA 4.3 B 4.6 100.9 122.0 3.8 3.8 3.1 
IT-2009-0095 07/04/09 9:26 AM AQV 5.1 B 5.8 184.5 96.2 3.8 2.6 3.7 
IT-1998-0054 03/04/98 7:26 AM NOCE 5.1 B 6.4 276.4 566.8 3.9 3.9 2.1 
IT-2012-0033 31/05/12 2:58 PM T0826 3.7 C 5.8 60.7 107.1 3.9 2.0 1.3 
IT-1976-0024 11/09/76 4:31 PM GMN 5.2 B 6.1 152.0 186.8 3.9 3.3 3.9 
IT-2009-0140 09/04/09 7:38 PM RM11 5.2 B 7.1 165.8 166.5 4.0 3.0 2.0 
IT-2009-0105 07/04/09 9:34 PM RM07 4.5 B 4.5 171.6 106.8 4.0 2.6 4.0 
IT-1977-0008 16/09/77 11:48 PM SMU 5.3 B 7.1 79.5 179.4 4.0 3.1 1.7 
IT-2005-0145 08/11/05 9:10 PM CSN 3.6* B 1.9 88.3 111.1 4.1 2.1 3.0 
EMSC-20160824_0000050 24/08/16 4:06 AM NRCA 4.4 B 7.0 123.8 153.1 4.1 4.1 3.6 
IT-1997-0163 19/10/97 4:00 PM CESV 4.2 C 4.5 101.2 141.9 4.9 3.4 3.2 
IT-1976-0024 11/09/76 4:31 PM FRC 5.2 B 16.6 109.7 95.0 4.9 4.8 4.6 
EMSC-20170118_0000119 18/01/17 1:33 PM MSC 5.0 B 8.0 123.4 153.9 5.0 3.8 3.9 
EMSC-20161026_0000133 26/10/16 9:42 PM CLO 4.5 A 7.9 96.1 84.5 5.0 3.1 5.0 
IT-2009-0102 07/04/09 5:47 PM MI05 5.5 A 3.6 651.5 304.1 5.0 3.6 5.0 
IT-2010-0032 16/08/10 12:54 PM ILLI 4.7 A 11.4 323.0 382.2 5.1 5.1 4.7 
EMSC-20161026_0000095 26/10/16 7:18 PM CNE 5.9 C 2.5 527.0 373.1 5.2 4.5 5.2 
EMSC-20161026_0000095 26/10/16 7:18 PM MCV 5.9 B 14 377.2 538.8 5.4 5.2 4.3 
IT-1997-0004 26/09/97 12:33 AM CLF 5.7 D 2.8 251.7 271.4 5.5 5.2 5.5 
IT-1997-0004 26/09/97 12:33 AM NCR 5.7 E 13.2 250.9 387.4 5.5 4.1 5.5 
EMSC-20161026_0000077 26/10/16 5:10 PM CNE 5.4 C 2.6 545.6 219.5 6.5 3.9 6.5 
IT-2012-0011 29/05/12 7:00 AM T0813 6.0 C 11.3 361.2 331.9 6.6 5.9 6.6 
EMSC-20161030_0000029 30/10/16 6:40 AM T1214 6.5 B 11.4 593.2 413.0 6.8 6.8 6.4 
IT-2012-0011 29/05/12 7:00 AM SAN0 6.0 C 6.1 170.9 216.7 6.8 6.7 6.8 
EMSC-20161026_0000077 26/10/16 5:10 PM FOC 5.4 C 24.9 331.2 196.8 6.9 3.9 5.6 
IT-2012-0011 29/05/12 7:00 AM MIRE 6.0 C 4.1 173.3 265.5 7.1 7.1 6.9 
IT-2012-0011 29/05/12 7:00 AM MIRH 6.0 C 4.5 146.8 265.0 7.1 7.1 6.7 
IT-2012-0011 29/05/12 7:00 AM MIR01 6.0 C 0.5 411.4 373.0 7.2 6.6 7.2 
IT-2012-0011 29/05/12 7:00 AM T0802 6.0 C 9.9 258.8 290.7 7.3 7.3 7.2 
IT-2012-0011 29/05/12 7:00 AM T0800 6.0 C 14.4 330.6 248.9 7.3 6.2 7.3 
IT-2012-0010 29/05/12 10:55 AM MIR07 5.5 C 26.8 31.0 32.1 29.7 21.3 23.0 
EMSC-20170118_0000037 18/01/17 10:25 AM CNO 5.4 B 74.4 9.4 10.9 29.8 24.5 22.8 
EMSC-20161026_0000077 26/10/16 5:10 PM MNTP 5.4 B 39.9 21.5 21.1 29.9 20.5 20.8 
IT-2012-0008 20/05/12 2:03 AM MLD 6.1 C 107.6 22.2 19.9 29.9 20.5 22.6 
EMSC-20160824_0000006 24/08/16 1:36 AM SRL 6.0 C 96.3 18.1 25.7 29.9 21.1 15.3 
EMSC-20161026_0000095 26/10/16 7:18 PM ATFO 5.9 B 68.1 10.2 9.1 29.9 29.9 26.4 
EMSC-20160824_0000006 24/08/16 1:36 AM BVG 6.0 C 57.2 39.1 49.2 30.2 29.8 28.7 
IT-2006-0272 26/10/06 2:28 PM VBV 5.8 B 53.3 12.4 8.2 30.2 30.2 29.5 
EMSC-20161026_0000095 26/10/16 7:18 PM IT.SNG 5.9 C 86.7 45.5 52.7 30.6 22.7 25.6 
IT-2012-0011 29/05/12 7:00 AM CAS0 6.0 C 28.1 66.2 42.0 30.7 18.2 19.7 
(1) Event identification code from the ITACA database. 
(2) Accelerometric station code. 
(3) Moment magnitude. 
(4) Site condition following the Eurocode 8 specifications.  
(5) Epicentral distance in km. 
(6) Peak ground acceleration for the horizontal components (E-W and N-S). 
(7) Effective duration in seconds provided in the ITACA database. 
(8) Estimated significant duration in seconds. 




Table 3. R2 value obtained from the correlation of each IM with the MIDR. 
Records PGA PGV SAT1 accRMS velRMS IA IC SED CAV 
Original 0.469 0.895 0.807 0.614 0.924 0.759 0.722 0.929 0.825 
Scaled 0.008 0.865 0.749 0.361 0.870 0.692 0.686 0.887 0.591 
Matched 0.016 0.011 0.285 0.003 0.000 0.031 0.030 0.022 0.024 
Original + Scaled 0.546 0.916 0.822 0.682 0.938 0.796 0.771 0.939 0.816 
All 0.630 0.928 0.846 0.739 0.941 0.834 0.818 0.950 0.828 
 
 
Table 4. Equation and coefficients used in the minimization (720 NLDA). 
Equation ∙  
IM PGA PGV SAT1 accRMS velRMS IA IC SED CAV 
a 7309.9 1990.5 53622.0 1.2 492.4 165823.0 11.3 2.00E+07 48208.0 
b 0.581 0.879 1.165 0.684 1.015 1.414 1.049 2.075 0.799 
 
 









Table 6. Linear correlation of the IMs used in this study for all the available records (original + scaled + matched). 
IMs CAV IA IC ID-PGV PGA PGV SAT1 SED accRMS velRMS 
CAV 1.000          
I
A
 0.978 1.000         
I
C
 0.890 0.934 1.000        
I
D-PGV
 0.778 0.820 0.801 1.000       
PGA 0.514 0.554 0.724 0.558 1.000      
PGV 0.594 0.662 0.752 0.909 0.692 1.000     
SA
T1
 0.572 0.609 0.635 0.717 0.487 0.723 1.000    
SED 0.811 0.856 0.742 0.878 0.399 0.683 0.629 1.000   
acc
RMS
 0.553 0.626 0.854 0.582 0.780 0.683 0.509 0.444 1.000  
vel
RMS






Table 7. IMs with correlations values > 0.80. 
Correlation Original records Scaled records Match records All 
CAV - IA o o o o 
CAV - IC o o - o 
CAV - ID-PGV o - - - 
CAV - PGA o - - - 
CAV - PGV o - - - 
CAV - SAT1 o - - - 
CAV - SED o o o o 
CAV - accRMS o - - - 
CAV - velRMS o - - - 
IA - IC o o o o 
IA - ID-PGV o - - o 
IA - PGA o - - - 
IA - PGV o - - - 
IA - SAT1 - - - - 
IA - SED o o o o 
IA - accRMS o - - - 
IA - velRMS o - - - 
IC - ID-PGV o - - o 
IC - PGA o - - - 
IC - PGV o - - - 
IC - SAT1 - - - - 
IC - SED o - - - 
IC - accRMS o - - o 
IC - velRMS o o - o 
ID-PGV - PGA - - - - 
ID-PGV - PGV o o - o 
ID-PGV - SAT1 o - - - 
ID-PGV - SED o o - o 
ID-PGV - accRMS - - - - 
ID-PGV - velRMS o o - o 
PGA - PGV o - - - 
PGA - SAT1 - - - - 
PGA - SED - - - - 
PGA - accRMS o - - - 
PGA - velRMS o - - - 
PGV - SAT1 o - - - 
PGV - SED o - - - 
PGV - accRMS o - - - 
PGV - velRMS o o - o 
SAT1 - SED o - - - 
SAT1 - accRMS - - - - 
SAT1 - velRMS o - - - 
SED - accRMS - - - - 
SED - velRMS o o - - 









Table 8. Beam and column sections of the first floor per number of stories. American wide flanges steel sections - ASTM 
A992.  
Number of stories Beam sections Area (m2) Inertia (m4) Column sections Area (m2) Inertia (m4) 
3 W14x68 1.30E-02 3.03E-04 W18x97 1.84E-02 7.26E-04 
4 W14x74 1.41E-02 3.34E-04 W18x106 2.01E-02 7.95E-04 
5 W18x86 1.64E-02 6.42E-04 W18x119 2.26E-02 9.12E-04 
6 W18x86 1.64E-02 6.42E-04 W21x132 2.50E-02 1.34E-03 
7 W16x89 1.71E-02 5.50E-04 W21x147 2.79E-02 1.51E-03 
8 W16x89 1.71E-02 5.50E-04 W24x146 2.77E-02 1.91E-03 
9 W18x97 1.84E-02 7.26E-04 W24x146 2.77E-02 1.91E-03 
10 W18x97 1.84E-02 7.26E-04 W27x161 3.06E-02 2.61E-03 
11 W18x97 1.84E-02 7.26E-04 W27x161 3.06E-02 2.61E-03 
12 W18x106 2.01E-02 7.95E-04 W30x173 3.28E-02 3.41E-03 
13 W18x106 2.01E-02 7.95E-04 W30x173 3.28E-02 3.41E-03 
 
 
Table 9. Properties of the variables considered in the probabilistic NLDA. 
Variable µ (kPa) σ (kPa) 
LL 2.0 0.2 
SL 3.50 0.175 
fy 4.2E+06 2.1E+05 




Table 10. Comparison of R2 values from the correlation of the studied IMs and MIDR obtained through the first approach 
and probabilistic NLDA. 
IMs R2 – First approach R2 - Probabilistic NLDA 
PGA 0.630 0.783 
PGV 0.928 0.924 
SAT1 0.856 0.873 
accRMS 0.739 0.768 
velRMS 0.940 0.919 
IA 0.834 0.862 
IC 0.818 0.802 
SED 0.950 0.928 
CAV 0.828 0.853 
ID-PGV 0.952 0.932 
 
